Nucleon-antinucleon annihilation into a near backward-(or forward-) produced meson and a high invariant mass lepton pair admits a factorized description in terms of antinucleon (or nucleon) distribution amplitudes (DAs) and nucleon to meson (or antinucleon to meson) transition distribution amplitudes (TDAs). We estimate the cross section of backward (and forward) pion and η-meson production in association with a high invariant mass lepton pair for the kinematical conditions of GSI-FAIR. The cross sections are found to be large enough to be measured with thePANDA detector. Interesting phenomenological applications of the approach are thus expected.
INTRODUCTION
The ambitious experimental program for thePANDA facility at GSI-FAIR (see [1, 2] ) will provide the experimental access to new classes of hard reactions for which the factorized description applies. Study of these reactions will open a new eyehole to look on hadron's interior and will bring a new perspective to the problem of hadronic structure in terms of the fundamental degrees of freedom of QCD.
A tempting possibility is to consider nucleon-antinucleon annihilation into a lepton pair with a high invariant mass q 2 ≡ Q 2 in association with a light meson M = {π, η, ρ, ω, ...}:
The analysis of [3, 4] , identifies two similar factorization regimes for the reaction (1) corresponding to forward and backward peaks of the meson production cross section.
Let us now specify our conventions 1 . The z-axis is chosen along the colliding nucleonantinucleon. For thePANDA setup it is natural to select as the positive direction of z the direction the antinucleon is moving in theN N center-of-mass (CMS) frame.
• Within these conventions, the kinematical regime in which the u-channel momentum transfer squared, u ≡ (p N − p M ) 2 , is small corresponds to the meson moving in the direction of the initial nucleon that is the backward direction.
• Analogously, the kinematical regime in which the t-channel momentum transfer squared, t ≡ (pN − p M ) 2 , is small, corresponds to the meson moving in the direction of the initial antinucleon that is the forward direction.
A detailed account of the corresponding kinematics is presented in Appendix A.
The backward and forward factorization regimes for the reaction (1) 2. Analogously, the t-channel collinear factorization theorem presented on the right panel of Fig. 1 is valid once W 2 and Q 2 are large; the corresponding skewness variable ξ t (A11) is fixed; |t| is small as compared to Q 2 and W 2 . The meson M is produced in the near forward direction inNN CMS, and we refer to this kinematics as the forward, or the t-channel, factorization regime.
It is worth emphasizing that for the moment the rigorous proof of the collinear factorization theorems for meson production in association with a high invariant mass lepton pair in NN annihilation as well as for backward meson electroproduction does not exist.
Some physical arguments in favor of this kind of factorization for the spacelike version of the reaction (7) were presented in Refs. [6, 7] . In this paper we do not aim to prove the relevant factorization theorems but rather perform the feasibility estimates to try to see some evidences of the factorized description in the experiment.
The factorization theorems for the reaction (1) presented in 
Here α, β, γ stand for quark (antiquark) flavor indices and ρ, τ , χ denote the Dirac spinor indices. Antisymmetrization stands over the color group indices c 1,2,3 2 . The gauge links in (2) can be omitted in the light-like gauge A + = 0. For the case when the meson M is a pseudoscalar, to the leading twist-3 accuracy, the form factor decomposition of MN 2 See App. B 1 for the details of our index conventions. (MN) matrix elements of (2) involves eight invariant MN (MN) TDAs
each being a function of the three longitudinal momentum fractions x i ( i x i = 2ξ), of the corresponding skewness variable ξ and of the momentum transfer squared ∆ 2 ,
The isotopic symmetry and the charge conjugation invariance further reduce the number of independent nucleon to meson TDAs. In particular, C-invariance allows us to express all MN TDAs through MN TDAs (see App. B).
Extensive studies of the properties and of the physical interpretation of πN TDAs are presented in Refs. [3] [4] [5] [13] [14] [15] . Conceptually, the MN TDAs share many common features both with the GPDs and the nucleon DAs. Indeed, the crossing transformation relates MN TDAs with theMN generalized distribution amplitudes (GDAs), defined as the matrix element of the same light cone operator betweenMN state and the vacuum.
In the pion case, this allows to establish useful constraints from the chiral dynamics since πN GDAs reduce to combinations of the usual nucleon DAs in the soft pion limit. In addition, πN TDAs were recently estimated within the light-cone quark model [16] . The hadronic matrix elements of QCD operators are extensively studied on the lattice. In particular, πN matrix elements of the operators corresponding to the Mellin moments of πN TDAs have been recently considered on the lattice by several groups, see [17] , [18] and Refs. therein.
On the other hand, similarly to the GPD case [19] [20] [21] [22] , a comprehensible physical picture may be obtained by Fourier transforming MN TDAs to the impact parameter space.
MODELLING πN TDAS
First estimates of the cross section of π 0 production in association with a high-Q 2 lepton pair inpp annihilation forPANDA@GSI-FAIR conditions within the factorized description involving πN TDAs were presented in [4] . In this analysis, an oversimplified model for πN TDAs based on the soft pion theorem was employed. This model has obvious drawbacks: its domain of applicability is limited to the immediate vicinity of the soft-pion threshold; TDAs in this model do not have any intrinsic ∆ 2 T dependence and finally, the cross channel leading baryon exchange contribution, which turns out to be dominant in many cases, was not taken into account.
In Ref. [5] , a two component model for πN TDAs was proposed. It includes the spectral part casted in terms of quadruple distributions and a D-term like contribution which is determined by the nucleon pole exchange in the cross channel (see Fig. 2 ). Quadruple distributions are fixed with the help of the soft pion theorem for πN TDAs in terms of nucleon DAs. Once the pion mass is neglected (m = 0) in the strict soft pion limit (ξ = 1,
, this model gives the same predictions for the NN → ℓ + ℓ − π cross section as the model employed in [4] . As it was found out in [5] , the contribution of the spectral part dominates the cross section for large values of ξ ≈ 1 (which is difficult to reach in experiments), while for small and intermediate values of ξ, the nucleon pole exchange part provides the dominant contribution to the NN → γ * π cross section.
In Sec. 4 1, we present our estimates of NN → ℓ + ℓ − π cross section within our factorization scheme in the u-channel factorization regime 3 (near backward pion production) using the nucleon pole exchange model for πN TDAs.
The explicit expression for the contribution of the cross-channel nucleon exchange into the isospin-
πN TDAs was obtained in [15] ,
where V p , A p and T p stand for the nucleon DAs; g πN N ≈ 13 is the pion-nucleon phe- 3 In the remainder of the paper, in most cases we omit superscripts u and t for the kinematical quantities (ξ, ∆ 2 , p, n etc.) referring to the factorization regime.
nomenological coupling and
ensures the pure Efremov-Radyushkin-Brodsky-Lepage (ERBL) support.
For π − n TDAs, we get
We also present some estimates of the NN → ℓ + ℓ − π cross section within the two component model for πN TDAs of Ref. [5] .
Below we review the formulas for the cross section of
established in [4] . The starting point is the general formula for the unpolarized differential cross section of the reaction (7) (see e.g. [23] ),
where Λ(x, y, z) = x 2 + y 2 + z 2 − 2xy − 2xz − 2yz is the usual Mandelstam function.
Following the standard procedure, the 3-particle differential Lorentz invariant phase space d 3 (LIPS) is decomposed into two 2-particle phase subspaces: those of γ * π and ℓ + ℓ − systems. The former can be easily computed inN N CMS while the latter is computed in ℓ + ℓ − CMS yielding the result,
where dΩ *
and integrating over the azimuthal angle ϕ * π of the produced pion and over the azimuthal angle of the lepton pair ϕ ℓ , the following formula for the differential cross section of the reaction (7) is established:
The next step is to express the average-squared amplitude
Within the factorized approach of [4] , at leading order in α s , the amplitude M
where
Here, f π = 93 MeV is the pion weak decay constant and f N is a constant, which determines the value of the dimensional nucleon wave function at the origin [12] ;
is the electromagnetic fine structure constant and α s ≃ 1 3
is the strong coupling constant.
The spin structures S and S ′ are defined as
We employ the standard "hat" notation for the contraction of a four-vector with the Dirac matrices. ǫ(λ) stands for the polarization vector of the virtual photon. I and I ′ denote the convolution integrals of πN TDAs and antinucleon DAs with the hard scattering kernels computed from the set of 21 relevant scattering diagrams (see [13] ):
The integrals in x i 's (y i 's) stand over the support of πN TDA (antinucleon DA).
For the u-channel factorization regime of pp → π 0 ℓ + ℓ − , the coefficients R α and R ′ α (α = 1, .., 14) correspond to the coefficients T α and T ′ α presented in Table I of [13] up to an overall irrelevant phase factor η * N
and to the replacement −iε → iε in the denominators of hard scattering kernels. This latter change mirrors the fact that we consider γ * in the final state rather than in the initial state as it is for backward pion electroproduction.
We also note that Ref. [13] employed a somewhat inadequate parametrization of πN TDAs, which does not maintain the polynomiality property in its simple form. In this paper, we use the parametrization of [15] which maintains the property of polynomiality.
The relation between the two parametrizations is presented in App. A of [5] . For np →
to an obvious change
The differential cross section for unpolarized beam and unpolarized target is computed from the squared amplitude (12) averaged over spins of the initial particles:
with the given combination of photon helicities λ, λ
vanish at the leading twist accuracy. We employ the relation
to sum over the transverse polarizations of the virtual photon and we get
where C is defined in (13).
The averaged-squared amplitude for the process (7) reads
As pointed above, at the leading twist accuracy, only the transverse polarization of the virtual photon is contributing. After computing the relevant trace in (20) in the ℓ + ℓ − CMS and integrating over the lepton polar angle ϕ ℓ , we finally get:
A kinematical cut in ∆ In order to implement the effect of the ∆ 2 T cut, we consider the cross section integrated over the appropriate bin in u. Indeed, u can be expressed as follows as the function of ξ and ∆
Therefore, the bin ∆
T ≤ 0 corresponds to the following bin in u: u min ≤ u ≤ u max , where min , respectively. Note that the forward peak is narrowed and the backward peak is broadened due to the effect of the boost from the CMS to the LAB frame which corresponds to the nucleon N at rest in thePANDA setup. To get an estimate of these effects for the kinematics in question we show on Fig. 6 the ratio of the integrated cross sections Finally we conclude that within the considered parameter range, the cross sections of It is worth mentioning that the cross section that we obtained with the BLW NLO model input is much smaller than that in the case of models including next-to-next-toleading conformal spin contribution (such as COZ, KS and NNLO modification of BLW).
In fact, the pp → π 0 γ * and np → π − γ * amplitudes turn to be zero at the leading twist accuracy once we employ the asymptotic form of the nucleon DA as input. This zero is reminiscent of the zero for the proton electromagnetic form factor with the asymptotic DA [10] . The cross section thus turns out to be small for the BLW NLO as well as for the Bolz-Kroll (BK) [29] input nucleon DAs which are known to be rather close to the asymptotic form of the nucleon DA. In Fig. 7 , we show the differential cross section dσ/dQ 2 d cos θ * π forpp → ℓ + ℓ − π 0 as a function of cos θ * π , for W 2 = 5 GeV 2 and Q 2 = 2.5 GeV 2 , both for the near forward and backward factorization regimes. As a consequence of C-invariance, the cross section of (1) within the t-channel factorization mechanism can be obtained from that within the u-channel factorization mechanism with the change (C1) (see discussion in App. B 3).
The COZ solution for the nucleon DAs is used here as numerical input. The forward and backward peaks produced within the suggested factorization mechanism are clearly visible. They look perfectly symmetric in the CMS frame. However, it is worth mentioning that when boosting from the CMS to the LAB frame (which corresponds to the nucleon N at rest in thePANDA setup), the forward peak is narrowed and the backward peak is broadened (see Fig. 3 ). To estimate this effect we consider the two component model for πN TDAs [5] which includes the spectral part (formulated in terms of quadruple distributions) and the nucleon pole part, which is the analogue of the D-term familiar from the GPD case. The spectral part is nonzero in both the ERBL and the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)-like domains and does not vanish at the cross over trajectories. This model is an attempt to maximally take into account the general requirements (following from the underlaying fundamental field theory), such as the following:
• polynomiality property and the support property which are the consequences of the Lorentz invariance;
• permutation symmetry and the isotopic invariance;
• chiral properties manifest through the soft pion theorem.
Nevertheless the two component model of Ref. [5] is still very flexible. In particular, the factorized Ansatz for the quadruple distributions and the shape of the profile function are ad hoc assumptions. So we can rather make a model dependent estimate of the contributions of the cross over trajectories and of the DGLAP region into the cross section.
As the nucleon pole contribution dies out for ξ = 1 ,the spectral part contribution becomes relatively more important for higher ξ.
In Fig. 8 we show the effect of adding the contribution of the spectral part for the integrated cross section dσ/dQ 2 of pp → π 0 ℓ + ℓ − presented inn One may see that for W 2 = 5 GeV 2 , adding the contribution of the spectral part results, at most, in a factor of 2 increase of the cross section for Q 2 ∼ 4 GeV 2 (this kinematical region corresponds to rather large values of ξ ∼ 0.6). This effect is not very important in view of the large uncertainty due to different input phenomenological DAs. Therefore the account of the spectral part contribution together with the question of appropriate modelling of quadruple distributions will become a topical question after a stable signal from the backward (and forward) regimes will be available from PANDA. Moreover, for W 2 = 10 GeV 2 the Q 2 interval in question corresponds to rather small values of ξ ∼ 0.1, for which the nucleon pole part totally dominates over the spectral part within the present model.
Results for η production
In an analogous way, we may consider near backward (and forward) η meson production in association with a lepton pair
The nucleon pole model for ηN TDAs is similar to that for πN TDAs (4) with the obvious change of phenomenological coupling g πN N → g ηN N . Estimates of g πN N and g ηN N phenomenological couplings taken from COZ (long dashes); KS (solid line); BLW NLO (medium dashes) and NNLO modification [28] of BLW (short dashes).
CONCLUSIONS
In this work, we have estimated the cross section for pseudoscalar meson production in association with a high invariant mass lepton pair in nucleon antinucleon annihilation.
We have performed this analysis in the framework of the QCD collinear factorization.
We used the model for the TDAs which was introduced recently in [15] and for which the major input is the parametrization of the nucleon distribution amplitudes. For most of the choices, the magnitudes of the cross sections are sufficient to be measurable with the luminosity foreseen at thePANDA experiment at GSI-FAIR. On the other hand, it turns out that the cross section depends much on the parametrization used for these DAs, which may be analyzed in a positive way as an indication that the experimental study of these processes will help to distinguish between the different models for these DAs.
Note that these different models all claim to be in reasonable agreement with the nucleon form factor measurements. We are, however, still far from proposing a strategy for a model-independent extraction of the TDAs from experimental data. More observables, and in particular spin asymmetries, should be discussed. Coefficient functions should also be calculated at next-to-leading order and the effect of the Q 2 evolution of the TDAs should also be studied in details. Note that these NLO order effects are known to be different in timelike and spacelike processes [31] . Meanwhile, the preparation for the experimental analysis requires detailed background studies (such as that of the final states where a π + π − meson pair mimics the lepton pair) and a careful estimation of detector efficiency. Although we concentrated here on pseudoscalar (π and η) meson production, this framework can be extended to the production of vector mesons (ρ, ω) which will uncover complementary aspects of hadronic structure both experimentally and theoretically. Also a purely hadronic description ofpp → πℓ + ℓ − is proposed in Refs. [32] and [33] , respectively, in a Born model and a Regge model description of baryonic exchanges. 
A. KINEMATICS
Below we review the relevant kinematical quantities discussed in [4] for the two possible factorization regimes for the reaction (1) involving nucleon to meson and antinucleon to meson TDAs.
u-channel factorization regime
Within the conventions natural for thePANDA setup, the u-channel factorization regime (see the left panel of Fig. 1 ) in which |u| is small corresponds to the meson moving in the direction of the initial proton (backward direction).
The z-axis is chosen along the colliding nucleon-antinucleon. We define the light-cone vectors p u and n u such that 2p u · n u = 1. We introduce the average momentum and u-channel momentum transfer
. We define the skewness variable
The following Sudakov decomposition is valid for the momenta of the reaction (7):
where M (m) denotes nucleon (meson) mass.
In the nucleon rest frame (which corresponds to thePANDA laboratory frame) the light-cone vectors p u and n u read
With the help of the appropriate boost we establish the expressions for the light-cone vectors in the NN CMS
The meson M scattering angle in the NN CMS for the u-channel factorization regime then can be expressed as:
One may check that for ∆ u T 2 = 0 indeed cos θ * M = −1, which means backward scattering. We also quote some useful relations for the kinematical quantities:
This allows to express ξ u as
t-channel factorization regime
The t-channel factorization regime (see the right panel of Fig. 1 ) in which |t| is small corresponds to the meson moving in the direction of the initial antiproton (forward direction).
We define the light-cone vectors pAgain one may check that for ∆ t T 2 = 0, indeed, cos θ * M = 1, which means forward scattering.
We also work out the relations:
and express ξ t :
B. CHARGE CONJUGATION AND G-PARITY ISSUES
Notations and conventions
Below we employ our usual system notations of Ref. [15] .
• Letters from the beginning of the Greek alphabet are reserved for the SU(2) isospin indices α, β, γ, ι, κ = 1, 2.
• We have to distinguish between upper (contravariant) and lower (covariant) SU (2) isospin indices. We introduce the totally antisymmetric tensor ε αβ for lowering indices and ε αβ for rising indices (ε 1 2 = ε 1 2 = 1).
• Letters from the middle of the Greek alphabet λ, µ, ν denote the Lorentz indices.
• Letters from the second half of the Greek alphabet ρ, τ, χ are reserved for the Dirac indices.
• Letters from the beginning of the Latin alphabet a, b, c ... are reserved for indices of the adjoint representation of the SU(2) isospin group.
• Letters c 1 , c 2 , c 3 stand for SU(3) color indices.
Antinucleon DA
The isotopic parametrization for the nucleon DA reads [15] 4 0|ε c 1 c 2 c 3 Ψ
where the invariant isospin amplitudes read
Here {v N , a N , t N } ρτ, χ are the conventional Dirac structures,
where C is the charge conjugation matrix;
The effect of the charge conjugation operator on the quark field Ψ α is [34] :
where transposition refers to the Dirac index. C stands for the charge conjugation matrix and η q is the corresponding charge parity. Now using (B11) together with (B7), we establish the link between nucleon and antinucleon DAs,
Now we can define the antinucleon DA as the SU(2) tensor:
where the relevant Dirac structures are
Lifting the transposition with respect to the Dirac indices in (B15) one gets
Therefore, we conclude that as the consequence of charge conjugation invariance antiproton DAs occurring in (B14) are expressed as follows through the usual proton DAs of (B9):
Antinucleon to pion TDAs
Below we establish the relations between the antinucleon to pion and nucleon to pion TDAs. Our main line of reasoning is analogous to that in the case of the antinucleon DAs. However, charged pions are not eigenstates of the charge conjugation operator C.
To work out the isotopic formalism for the antinucleon to pion TDAs it is convenient to employ the concept of G-parity (see e.g. [35] ), which is the combination of the charge conjugation and the rotation around the second axis of the isospin space,
First, let us work out the effect of G on the quark and antiquark fields Ψ α ,
According to the conventions of [15] , we choose to transformΨ α field according to the covariant representation and to transform Ψ α field according to the contravariant representation of the isospin SU(2):
where I a stand for the group generators and σ a are the Pauli matrices.
The effect of the isospin rotation around the second axis then reads:
Thus, we conclude that
We also need to specify the effect of G on pion "out" states and nucleon "in" states.
The triplet of pions has negative G parity,
Employing our isospin conventions for the nucleon states: summarized in Appendix B 1 we conclude that:
For antinucleon to pion TDAs we can write down the following parametrization
where the tensor (f a ) ι {αβγ} , which is totally symmetric in α, β, γ, reads:
The isospin and permutation symmetry identities for the isospin- 
the obvious change of the kinematical variables:
Since isotopic invariance plays no particular role in the present consideration we consider one flavor of quarks and one "pion" with negative C-parity: η π = −1. Generalization for the physical case is straightforward with the use of the G-parity formalism described in App. B 3.
We introduce the following parametrization for the corresponding matrix elements: We now express the matrix elements occurring in the t-channel factorization scheme through the Dirac structures of the u-channel factorization scheme occurring in (C2): 
In this way we express antinucleon to pion TDAs (respectively, nucleon DAs) through nucleon to pion TDAs (respectively, antinucleon DAs).
Now we proceed with the generic contributions to the amplitude. Each of three lines of the u-channel amplitude graph depicted in Fig. 10 corresponds to a matrix in the Dirac 
The spinor structure of the amplitude corresponding to the t-channel graph then reads:
Given that for any of 21 relevant graphs presented in contain an odd number of the Dirac matrices γ µ (and do not contain γ 5 ) we conclude that S u turns into η −1 π S t with the change (C1). Thus we arrive at the conclusion that the Cinvariance results in a symmetry between the u-and t-channel factorization mechanisms.
The amplitudes for NN → γ * π within the two mechanisms have the forms, 
